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ABSTRACT

The zero expansion titania-silica binary glass ULE™ offers an optimum combi-
nation of thermal, mechanical, and optical properties which make it an ideal material for
precision optical structures and lightweight telescope mirrors. Its near-zero thermal
expansion over the ambient operating temperature range helps preserve optical figure; the
absence of hysteresis in its thermal expansion curve ensures dimensional stability of the
mirror in extreme environments; its low density affords high specific stiffness thereby
reducing elastic deformation of lightweight structures; its high fatigue resistance permits
higher long-term stress without compromising mechanical reliability; and its excellent
optical and birefringence properties facilitate inspection and quality assurance in terms of
thermal expansion homogeneity, defect level, and residual strain.

This paper reviews the key physical properties of ULE glass and the various fab-
rication techniques available for making lightweight mirrors. Special emphasis is given
to ULE's mechanical behavior which controls the long-term reliability of mirror blanks
during fabrication, shipping, installation, and operation. It describes the 8-meter class
mirror blank manufacturing process and the stress/time histories to which such blanks are
exposed. These parameters, together with strength and fatigue data, were used to opti-
mize surface finish for adequate strength and to evaluate an 8-meter blank support system
to ensure long-term reliability of the blank during transportation. The paper concludes

with recent advances and development programs in support of the manufacture of preci-
sion optical mirror blanks.
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1. INTRODUCTION

ULE, a binary titania-silica glass made by Corning,* offers dimensional stability
due to its essentially zero thermal expansion coefficient over a wide temperature range

representative of operating ambient conditions. This glass is manufactured by the flame
hydrolysis process which introduces chemical vapors into gas-oxygen burners at

*ULE™is a rademark of Coming Incorporated. ULE is available as Comning Code 7971. Comning is currently in the process of
developing an alternate process using different raw materials to produce ULE, which will be marketed as Coming Code 7972
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approximately 1700°C. The combustion reaction forms sub-micron size molten titania-
silica particles. The burners are aligned over a rotating table where the particles are col-
lected and fused into a large dense solid boule of ULE, typically 1.5 m in diameter by 15
cm thick. Homogeneity is ensured through strict process control and by utilizing high-
purity chemicals that are not subject to the ordinary compositional variations and contam-
inants of sand and other raw materials of conventional glass melting processes. The coef-
ficient of thermal expansion (CTE) of ULE is dependent on the glass composition and is
therefore subject to tight process control and minimal process variation. ULE is an amor-
phous, binary glass with no crystalline phases present. This differentiates it from other
low expansion materials, such as the glass-ceramics Zerodur®and AstroSitall* whose prop-
erties are dependent on controlled crystal growth in a glassy matrix. ULE is isotropic,
meaning that its properties are the same in all directions, at any given location in a mirror
or structure. This is critical for the predictability and preservation of optical figure.

2. MIRROR MATERIAL REQUIREMENTS

The material and techniques for fabricating mirrors are major considerations for
the success of any telescope. Modern mirrors consist of a reflecting surface made up of a
single or multiple layer dielectric film and a substrate. Only the thin reflecting layer
applied on the first surface serves an optical purpose, while the substrate is the mechani-
cal means to hold the reflecting surface in the proper contour during operation.

Two of the fundamental material requirements, according to Rodkevich and
Robachevskaya,! for large precision mirrors are:

1. The mirror material must have appropriate physical properties which
ensure high immunity to outside influences (low mechanical and temperature
distortions), spatial isotropy, and dimensional stability over time;

2. The mirror material must be capable of accepting a high-quality polished sur-
face and be coatable with materials having the required reflection coefficient.

To achieve precision optical performance, the substrate material should have
minimum thermal expansion over the operating temperature range, exhibit dimensional
stability over time and in extreme environments, and have high thermal diffusivity to min-
imize distortion associated with transient temperature gradients. In addition, high specific
stiffness to minimize self-weight deflection and low mass are also desirable properties for
the mirror material. The long-term mechanical integrity of the mirror material must be
sufficient for the expected lifetime of the optical system, including i) surviving the rigors
of manufacturing, handling, transportation, launch, and gravity release requirements in the
case of satellite systems, ii) operation at different elevation angles for large terrestrial tele-
scopes, and iii) centrifugal accelerations of high speed scanning and chopping optics and
other structures such as microlithography stages.2 The key properties of ULE and other
near-zero expansion mirror materials are summarized in Table 1.

A more indepth discussion of several of the most important properties of ULE
glass appears in the next section.

*Zerodur® is a registered trademark of Schott Glass Technologies.
iAstroSitall is designated as CO115M.
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Table 1. Key Properties of Mirror Materials

MATERIAL Corning ULE__Zerodur® _AstroSitall
Mean CTE, ppb/K at room temp 0+ 30 050 0£50
Temporal stability, ppm/yr -0.025 -0.100 --
Thermal hysteresis not detected present present
Thermal conductivity, w/m-K  1.31 1.46 1.19
Mean specific heat, J/kg-K 766 821 710
Thermal diffusivity, 10* m*s  0.008 0.007 0.006
Density, 10°kg/m’ 2.20 2.53 246
Elastic modulus, GPa 67 92 92
Specific stiffness, 10°m 3.1 3.7 37
Poisson’s ratio 0.17 0.24 0.24
Knoop hardness, kg/mm? 460 620 --
Strength, psi, 220-240 grit finish 7740 8610 8460
Fracture toughness, MPa¥m  0.70 0.85 0.80

3. KEY PHYSICAL PROPERTIES OF ULE

THERMAL PROPERTIES

The specification for the linear coefficient of thermal expansion of ULE is
0 % 30 x 10°%/°C (ppb/°C) over the 5°C to 35°C temperature interval. This is the only
true zero expansion material available with such a tight specification on CTE uniformity.
Zero thermal expansion is key to maintaining mirror figure with temperature changes.
For such a low expansion material, the spatial variations in CTE from point to point are
often comparable to the maximum absolute value of CTE at any point. In this case, the
changes caused by a completely uniform change in temperature level must be evaluated.3

All ULE boules are fully characterized for CTE using the nondestructive method
described below. Since the actual CTE within any mirror blank is known in advance of
fabrication, finite element modeling can be used to predict the performance of the
planned mirror due to temperature changes. In the case of Corning's 8-m diameter mirror
blanks, which are made by fusing over 80 individual boules of ULE together, finite ele-
ment analysis is performed prior to fusing the boules. This predicts the mirror figure
change that will occur after moving the polished mirrors to their telescope enclosures,
located atop high mountains, where the temperature change from that of the polishing
facility is significant. Such finite element modeling and analyses allow engineers, before
actual mirror blank fabrication begins, to confirm their selection of appropriate CTE
matching boules and to assure a quality mirror that will meet the error budget specified
by optical designers.34 A representative example of this analysis is given in Figure 1.

A unique feature of ULE is that a rapid, nondestructive determination and documentation
of thermal expansion coefficient of the actual mirror blank material is possible.
Commonly, with other materials, an estimate of expansivity is obtained by testing sam-
ples of material believed similar to the final product, since test specimens cannot be
obtained from the product without violating its integrity. With ULE, which is approxi-
mately 92.5% SiO, and 7.5% TiO,, nondestructive testing of expansivity is possible
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Figure 1. Finite Element Model for Analyzing Changes in Mirror Figure
due to an Isothermal Temperature Change

because both ultrasonic velocity and expansivity correlate linearly with titania content. A
simple measurement of ultrasonic transit time through the ULE glass and accurate mea-
surement of its thickness lead to the CTE value with an uncertainty of less than 2
ppb/°C.56 This unique characteristic permits selection and control of any CTE variation
within a product, and has been successfully utilized by the Coming ULE manufacturing
facility for process control and product certification since 1973. When a difference in
CTE exists between any two pieces of ULE, it is constant, independent of temperature,
permitting differential measurements to be made at room temperature that will apply to
all temperatures between -200°C and 900°C. Measurement of the actual component parts
assures that the final product will meet the demanding requirements of CTE homogeneity
while exhibiting near-zero CTE. In the case of three 8-m diameter mirror blanks, inde-
pendent verification of the differential boule CTE measurements was carried out photoe-
lastically by measuring the small residual strains at the fusion seals between hexagons in
the final blanks.” Figure 2 illustrates the excellent correlation between the two methods.
The data follow a Gaussian distribution, and the small differences between the two meth-
ods are due to random error in the measurement techniques.
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Figure 2. Comparison of ACTE at Fusion Seals of Adjacent Hexagons
Measured Ultrasonically vs. Photoelastically



Advanced Materials for Optics and Precision Structures / 111

DIMENSIONAL STABILITY

Temporal stability of the substrate material is another important parameter desir-
able for precision mirror blanks. After the mirror has been ground and polished, it must
not change its shape due to relaxation of internal stresses or due to environmental effects.
ULE has excellent long-term dimensional stability at room temperature due to negligible
residual or internal strain. In a three-year study, ULE exhibited -0.14 Ppm/year average

length change, equivalent to -0.37 ppb/day.* Additional results for ULE after compres-
sive and thermal cycling are also given in Table 2.

Table 2. Dimensional Stability Data for ULE (adapted from Justice”)

Condition Length change, Duration of test,  Average length
ppm days change, ppm/yr
Ambient (1* set) -0.64 1195 -.195
Ambient (2nd set) -0.26 1125 -.084
Uniaxial compression -0.36 1192 -0.110
cycling*

(0 to 14.1kg/cm?

Temperature cycling* +0.03 1182 +0.009
J(-2° to +52°C)

*Each cycle one hour; 1000 cycles performed within first year of testing

In a Jater study, the University of Arizona determined the average daily length change for
ULE to be even lower, -0.17 ppb/day, with much greater precision than the earlier study.’
In 2 more recent review of the subject, results by John Hall reported ULE stability to be -
0.07 ppb/day (-0.025ppm/year).® These values are equivalent to those measured for
other ultra low expansion materials, and are sufficiently low for the vast majority of
applications.

Dimensional stability during thermal cycling is important when the mirror must
undergo temperature cycles, for example, during application of high temperature coat-
ings. Test data indicate that ULE exhibits no expansion hysteresis after thermal
cycling.*"""* That is, it returns to its original dimensions after heating or cooling, indepen-
dent of the rate of temperature change. A ULE mirror exhibits no residual figure change
even after the drastic change in temperature from 350°C to water quench. This is not the
case for glass-ceramics which may retain permanent figure changes after thermal cycling
due to structural relaxation. In some cases additional thermal treatments may reverse the
em_t)

Another desirable parameter of a mirror material is its ability to resist distortion
due to thermal gradients within the substrate. Both the thermal diffusivity and conductiv-
ity affect a mirror’s performance in this area, notably so for high expansion materials.
Although ULE has lower thermal conductivity and diffusivity than many other optical




112 / Critical Reviews Vol. CR67

materials, this is not necessarily detrimental, ULE's zero-expansivity minimizes the
dimensional changes due to temperature gradients, even though it is a poor conductor.
Resistance to dimensional change from thermal transients can be evaluated using a com-
bined parameter of diffusivity k and expansivity at/cr = K/opC,). This parameter is a
better indicator of dimensional stability with thermal gradients present. Table 3 provides
comparative values of this transient thermal distortion parameter. As shown in the table,
the zero expansion property of ULE compensates for its relatively low conductivity and
diffusivity compared to higher expansion materials. In addition, lighter weight mirror
cells and active cooling can further reduce the thermal response time of a ULE mirror.

Table 3. Transient Thermal Distortion Parameter

for Various Mirror Materials
Material k/o. = K/(pC,0)
(m? e °C/s
Silicon carbide 0.34
ULE™ 0.27
Zerodur® 0.14
Astrositall _ 0.12
Beryllium 0.04

EFFECT OF RADIATION ON PROPERTIES

When used for space optics, ULE glass is exposed to high radiation which can
induce electronic defects. When launched into geosynchronous orbit, low CTE materials
used as mirror substrates are exposed to charged particles and gamma rays from the solar
wind, solar flares, and galactic sources. In addition, when launched in circular polar
orbits, they are exposed to charged particles from Van Allen belts. If the absorption coef-
ficient is sufficiently small and/or the incident radiation is sufficiently energetic to pene-
trate through the depth of the sample, uniform compaction can occur. However, if the
energy is deposited nonuniformly across the surface, or if it does not fully penetrate the
material, the resultant compaction is nonuniform and can result in deformation, especially
if the optic is thin. Higby et al* measured changes in the low temperature CTE value of
several materials following exposure to ionizing radiation. They found significant
changes in low CTE characteristics of some of these materials. Figures 3 and 4 show
CTE values for ULE and Zerodur respectively before and after irradiation, over a temper-
ature range of 125K to 325 K. It should be noted in Figure 3 that the change in ULE's
CTE following irradiation is much lower than that of Zerodur at room temperature. This
change is attributed to structural changes in the two-phase, fine-grained, Zerodur material
and/or in the bond integrity of the crystal/glass interface. At 300 K, for example, the
CTE value of ULE has increased by only 0.03 ppm/K compared with an increase of
0.23 ppm/K for Zerodur.

In another study, Rajaram et al** measured surface deformation of 5 to 10 mm
thick slices of Optosil, ULE, Zerodur, and Astrositall following irradiation. Deformation
profiles, following a radiation dose of 8.6 x 10* rads, are shown in Figure 5.
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Surface Deformation Profiles of Various Mirror Materials
Across 20 mm Aperture Following Irradiation

The deformation pattern is nonuniform across the 20 mm diameter aperture due,
primarily, to the nonuniformity of the electron beam. It is clear in this figure, however,
that surface deformation is the greatest in the case of glass-ceramics. For example, for
the 5 mm thick mirror, the deformation is greater than 2um for glass-ceramics and less
than 1um for glasses. The dose dependence is shown in Figure 6. Of the four materials
studied, Optosil exhibited the least amount of deformation. ULE and the two glass-
ceramics follow a power law type growth with increasing dosage. However, ULE

approaches saturation above 10° rads, whereas both Zerodur and Astrositall continue to
deform above 10° rads.

The observed deformation is apparently related to structural rearrangement of
atoms which is usually accompanied by the formation of paramagnetic defects, e.g. oxy-
gen-associated hole centers (OHC). Good correlation was obtained between radiation-
induced deformation and OHC spin concentration measured by electron spin resonance
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Figure 6. Effect of Radiation Dosage on Surface Deformation
of Various Mirror Materials

for Optosil, Zerodur and Astrositall, indicating that OHC is the major paramagnetic
defect center associated with surface deformation. Since the latter was the largest for
glass-ceramics, their OHC spin concentration must be higher than that in low CTE glass-
es, possibly due to the presence of substantial amount of metallic constituents such as
alkali and aluminum.

MECHANICAL PROPERTIES

Low density is a key property to be assessed during mirror material selection.
ULE's low density compared with other common mirror materials means lighter weight
optics can be made with equivalent designs. As will be shown later in this paper, howev-
er, one should try to optimize the design of a mirror for the chosen material.

The specific stiffness (defined as the ratio of Elastic modulus to density) is a
measure of the mirror material's ability to resist deformation due to external forces
applied during polishing, handling, mounting, launch, and operation, as well as that due
to the mirror's own weight. The self-weight induced deflection of an optic is proportional
to the specific stiffness, size, and shape and is not dependent on the strength of the mater-
ial. ULE has nearly equivalent specific stiffness compared with other low expansion
materials. Although it is lower than that of other relatively high expansion optical mate-
rials, notably silicon carbide and beryllium, a lightweight mirror design can be optimized
to take advantage of ULE's zero expansion, low density, and lightweight fabrication
methods, thereby minimizing mechanical differences relative to Zerodur and Astrositall,
For example, although ULE has 27% lower Young's modulus than the glass-ceramics, a
simple plate with 11-13% higher thickness for identical bending deformation will weigh
2.5 to 4% less than Zerodur or Astrositall. Since the ULE plate is thicker, it also will
experience 22-25% lower bending stress, thereby enhancing its mechanical reliability
compared to that of the glass-ceramics.” An indepth discussion of comparative strengths
and safe design stress is given in a later section of this paper.

Another consideration in selecting a mirror material is its elastic behavior. At
room temperature, ULE exhibits no measurable delayed elastic effect.”™* That is, after
loading a 0.5cm thick polished plate of ULE with a 30 kg load over the central one inch
region, while supported at three points on the edge, for two weeks, the plate resumes its
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baseline optical figure within less than five minutes of unloading, compared with hours
or days for glass-ceramics. This is particularly important for large lightweight optics
which may undergo large strain during fabrication or due to environmental loading such
as experienced in gravity release and in dynamic control of active optics.

CHEMICAL DURABILITY

Chemically, ULE has excellent resistance to weathering. It exhibits virtually no
surface clouding or electrical surface leakage when subjected to attack by water, sulfur
dioxide and other atmospheric gases. It also has the characteristically high resistance of
silica to attack by nearly all of the chemical reagents. Rapid corrosion occurs only on
exposure to hydrofluoric acid and concentrated alkaline solutions, the rate of attack
increasing with temperature.

4. MIRROR FABRICATION TECHNIQUES

A brief discussion of solid mirror blanks lends insight into how Corning pro-
duces large optical blanks. The later discussion on lightweight fabrication techniques
covers manufacture of all sizes of mirror blanks.

SOLID MIRRORS

Solid mirror blanks of virtually any diameter, thickness, and shape can be manu-
factured from ULE using Corning's fusion sealing processes. Single boules can be made
into blanks up to 1.4 m diameter. Single or multiple boules can be flowed out to pro-
duce blanks from 1.4 to 2.7 m diameter. Flowout is a Corning process in which a boule
or a stack of boules is heated under controlled conditions and the molten glass is flowed
to the required diameter. In addition, plano discs of ULE glass can be sagged to form
contoured parts. This results in lower material cost and reduced grinding time. The
plano blank is placed on a refractory sag form (convex mold) and heated above the soft-
ening point allowing the glass to sag under its own weight to take the shape of the sag
form; see Figure 7.

Figure 7. Sagging of 8 m Plano ULE Mirror Blank on
Refractory Sag Form

For mirrors larger than 2.7 m, Corning's hex seal process can be used.” The
hex seal technique uses high temperature to fusion seal hexagonal-shaped ULE or fused
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silica building blocks into one monolithic piece. The hex seal process has been used suc-
cessfully to produce three 8-m class meniscus mirror blanks: the 8.3 m mirror blank for
the National Astronomical Observatory of Japan's SUBARU telescope and the two 8.1 m
mirror blanks for the Gemini 8-M Telescopes Project. Because ULE glass can be fused
with no loss in quality or strength at fusion seams, it is an ideal building block material.
The hex seal process involves wire-sawing and grinding disks into hexagons, fitting
together full and partial hexagons, and then fusing them at high temperature to form the
mirror blank. Specifically, the manufacturing of sagged 8-m mirror blanks, depicted in
Figure 8, involves the following steps:

i) fabrication of 1.5 m diameter x 15 cm thick ULE boules;

ii) stacking and fusing of two boules in a furnace to form a 30 c¢m thick disc;

iii) wire-sawing and grinding of above discs into hexagons of final dimensions;

iv) assemblage of full and partial hexagons in a prescribed pattern on the turntable;

v) fusing of above assembly on a rotating turntable in a furnace to form a circular
blank of required diameter;

vi) grinding of the top surface using the turntable and a computer controlled grind-
ing wheel mounted on a vertical spindle affixed to a gantry crane;

vii) turnover of the blank, using specially designed equipment, for grinding of the
bottom surface; ,

viii) removal of the blank from the turntable for placement onto a refractory sag form
for sagging in a furnace to the prescribed concave shape;

ix) controlled cooling of the sagged blank to room temperature followed by packing
and shipping to the mirror polisher.

Hex Seal Process
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Figure 8. Corning's Hex Seal Process

Examples of mechanical reliability analyses conducted during the 8 m blank
manufacture will be discussed in a later section of this paper. These large solid mirror
blank fabrication processes can also be applied to the manufacture of individual compo-
nents for large lightweight mirrors.
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LIGHTWEIGHT MIRROR BLANKS

Fabrication techniques for lightweight mirrors range from simple machining,
which removes material from the back and/or outer perimeter of a mirror blank, to vari-
ous methods of bonding extremely lightweight central "cores" to front and back plates.

Machined lightweight blanks ranging from 50% to 80% lower weight can be
made from ULE or fused silica using standard computer-numerical-control (CNC)
machining techniques. For many applications this can result in sufficient weight reduc-
tion.

To achieve greater weight reduction, mirror blanks can be manufactured from
three separate components, assembled as a "sandwich": a front plate which will be pol-
ished by conventional or advanced techniques, a central core designed to reduce mass
while providing adequate support for the front plate during both polishing and mirror
operation, and a back plate to provide further mechanical rigidity. The weight of the core
can be as much as 97% lighter than the equivalent size solid.

Lightweight cores are typically produced using one of three methods. The first
uses conventional machining, such as coredrilling circular holes or CNC machining cus-
tom-shaped holes in a solid core blank. An example of a mirror made with this technique
is shown in Figure 9.

Figure 9. Lightweight ULE Mirror Blank with CNC Machined Core

The second method again takes advantage of ULE's zero expansion property, using a
fusion sealing process to build lightweight core structures from building blocks. In this
case, the building blocks are thin precision plates called struts which are essentially weld-
ed at ambient room temperature to produce square, rectangular, triangular, or hexagonal
cell core structures. This process is shown in Figure 10, where the pre-machined struts
are fused to produce cells; then the cells are fused together to produce the core structure.
A more recent addition to core fabrication methods is the use of an Abrasive Water Jet
(AWI) cutting process to produce lightweight cores. Corning's AWJ machine has the
largest, most powerful waterjet nozzle in the world, which has demonstrated a cutting
process for 30 cm thick glass. Solids up to approximately 3 m can be lightweighted with
optimized cell patterns using the machine's CNC programming capability. Cores can be
optimized to accommodate special mirror mounts and can incorporate spatial nonuniform
density and stiffness, if desired. Accuracy and repeatability of the AWJ system is mea-
sured in thousandths of an inch, resulting in precision core structures. Corning's first
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commercial mirror blank core produced with the AWJ system is shown in Figure 11 and
illustrates the flexibility of the cutting process, namely integrating thicker webs at the
outer edge and central mounting hub, a hexagonal cell pattern, superimposed on an
ellipse with a circular center hole.

Figure 11. Intricate ULE Core Geometry Machined by AWJ Process

To take advantage of such ultra lightweight cores, two primary methods of
bonding plates to the core are used. Once again, the direct fusion of glass components
provides one mechanism for sealing components together. This fusion process has been
used extensively for lightweight mirrors, the most notable example being the Hubble
Space Telescope mirror made in the late 1970's. At the temperature required for sealing
the glass together, a small amount of viscous flow must take place. This imposes mini-
mum dimensional criteria on the mirror design in order to prevent excessive bowing and
warping, thus limiting weight reduction. This limitation led Corning to develop a frit
bonding process which uses a powdered glass mixed with an organic vehicle for applica-
tion to the components. The thermal expansion of this frit is closely matched to that of
ULE, producing strong seals with minimal residual strain. The firing of the frit takes
place at temperatures below the softening point of the glass. This allows precision com-
ponents to be bonded together without any deformation. The frit process thereby main-
tains the tight machining tolerances and allows thinner webs and plates. Table 4 com-
pares the design characteristics of these two types of bonding.” Frit bonding makes core
densities as low as 3% possible through the use of ultra thin components. resulting in sig-
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nificant reduction in finished mirror blank weight as illustrated in Figure 12. In addition,
strength testing shows that when fracture occurs, it begins in one piece of glass and
crosses the frit joint into the second piece without shearing along the frit joint. The fillet
geometry of the applied frit and close expansion match to ULE minimize local stress con-
centration at the joints. This results in higher mean seal strength.

Table 4. Design Characteristics of Fusion vs. Frit-bonded ULE Mirror

Fusion Bonded Frit Bonded
Minimum core density 10% 3% -
Mean bond strength 2500 psi 5000 psi
Mounting blocks Fused Fused or fritted
Cell size 1.5-4" 1.5-6"
Minimum strut thickness 0.150" 0.050"
Average plate thickness '
Under 30" diameter 0.160" 0.100"
30 - 90" diameter 0.380" 0.300"
Over 90" diameter 0.600" 0.400"
5000
4000 4
g
£ 3000 -
g FUSION BONDED
2000 1
= | ‘/ﬂ!ONDlD
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Figure 12. Comparison of Weights of Fusion vs. Frit-bonded ULE Mirrors

In short, Corning uses a wide variety of fabrication methods to achieve the
required weight reduction for precision lightweight mirrors. They range from the sim-
plest forms to advanced ultra lightweight technologies, providing the optical designer
with an array of mirror blank manufacturing approaches to optimize thermal, mechanical,
and optical performance. )

5. MECHANICAL RELIABILITY

As noted in the preceding sections the fabrication of large monolithic ULE mir-
ror blanks involves multiple processing steps. Each of these steps induces mechanical
stresses in the mirror blank over a finite period of time. To ensure mechanical reliability
of the blank, it is critical to control the stress/time history via design and process parame-
ters thereby minimizing the growth of subsurface damage during manufacturing process?.
Alternatively, the subsurface damage associated with grinding and polishing can be mini-
mized via finer grit size, slower removal rate, or acid etching, all of which impose eco-




120 / Critical Reviews Vol. CR67

nomic penalty on the fabrication cost. However, such measures enhance the mechanical
reliability of mirror blanks during fabrication, coating, transportation, installation, and
operation,

The process of enhancing mechanical reliability begins with the analysis of
stress/time histories the blank experiences during manufacturing and shipping. Several
critical processing steps must be analyzed including rough grinding, turnover, fine grind-
ing, acid etching, sagging, contour grinding, and packing and shipping of sagged and
generated blanks. This is followed by mechanical characterization of ULE glass, involv-
ing concentric ring flexure tests on a large sample of glass discs, with different surface
finishes representative of various manufacturing steps?. The Weibull analyses of biaxial
strength and fatigue data obtained from these tests help determine the minimum strength
and fatigue constant corresponding to an acceptable level of failure probability®, The
minimum strength is further discounted to allow for large surface area of the mirror blank
compared with that of disc specimens. Similarly, the Power law fatigue model helps
account for finite stress duration the blank is exposed to during manufacturing by adjust-
ing the minimum strength further®. In this manner, the safe stress/time history is deduced
for the 8-m class blank using disc data generated in the laboratory. By safe stress we
mean a stress value that will limit the failure probability of mirror blank during its manu-
facture to an acceptably low level, e.g. 1 x 10%. Verification of safe stress/time history is
carried out by subjecting several groups of discs to different biaxial static stresses in
100% relative humidity for extended periods of time, representative of different manufac-
turing steps, and re-measuring their strength at the end of static tests. If there is no indica-
tion of strength degradation following static tests, then there is no subsurface crack
growth and the recommended stress/time history for a given surface finish is indeed a
safe one?. Conversely, the above approach helps optimize the surface finish and control
subsurface damage via grinding, polishing and etching, if necessary, to sustain specified
stress/time histories during the manufacture of large mirror blanks. Additional contro] of
subsurface damage during processing also facilitates subsequent handling, packaging, and
transportation of generated blanks to the polisher. A brief discussion of the factors which
control the strength of silicate glasses and which help arrive at the design strength of
ULE mirror blanks follows.

STRENGTH OF SILICATE GLASSES

Glass is one of the strongest materials known to mankind. This is primarily due
to its non-crystalline structure with no grain boundaries and the flaw-free pristine surface.
The only way glass can fracture is by cohesive failure of silicon-oxygen bonds and it
takes a lot of energy to rupture these bonds, Since glass belongs to the family of brittle
materials, it experiences an insignificant amount of permanent deformation prior to fail-
ure. Brittle materials are very sensitive to imperfections, defects, flaws, etc., notably

those that appear on exposed surfaces . They fail from tensile stress in the vicinity of a
defect.

The above description of the nature of glass-like brittle materials can be summa-
rized by saying that the strength of glass, to a large extent, is determined by the severity
of surface flaws. Since the severity of such flaws varies from one product to another and
from one user to another, the strength of glass is not a fixed property which may be found
in material handbooks. Rather, it is as variable as the environment to which glass is
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exposed. By environment, we mean not only the temperature, humidity, and pH level, but
also the nature of loading and handling in service, Thus, unlike metals for which a defi-

The statistical nature of glass strength forces us to either proof test on a 100%
basis—an enormous undertaking—or to use a very conservative value for design strength
to ensure long-term reliability. If, in addition, we allow for slow degradation of strength
with stress and time—a phenomenon known as fatigue—the final design strength value
will be lower yet, thus Posing a challenge for efficient and cost-effective design of reli-
able glass products.

Theoretical estimates based on breakage of silicon-oxygen bond place the
strength of pristine glass at ~2 x 106 psi, a value which has been verified by controlled
measurements on carefully prepared specimens *,

Yet, conventional measurements on glass specimens manufactured on a commer-
cial scale yield a strength value of only 10,000 psi—two hundred times lower than the
theoretical value! Why? Simply because glass surfaces are extremely sensitive and are
easily damaged during forming, handling, assembly, packaging, shipping and daily usage.

When glass is pulled in tension, the applied stress, Gg, appears magnified at the

GITIaX/GO = SCF =[1 + 24/ alp I (1)

In the above formula, a is the depth of surface flaw and p its tip radius; see
Figure 13. Thus, for a truly sharp flaw with zero ip radius, the SCF value would
approach infinity. In bulk glass the typical flaw depth and tip radius are 75 um and 75 A,
respectively, which yield a SCF valye of 200. These simple considerations explain why

the strength of bulk glass is 200 times lower than the theoretical value of ~2 x 106 psi.
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Figure 13. Stress Concentration at Griffith Flaw
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There are five important experimental variables which influence the measured

value of strength. They are:

a)

b)

c)

Specimen size
Surface finish
Stress duration
Test environment
Temperature

oD op

With regard to size, the probability of inflicting and finding a severe surface
flaw increases as the specimen size increases. Thus, the measured strength
decreases as the specimen size increases.

Surface finish plays an important role in that it dictates the severity of surface
flaws and hence the measured strength value. Table 5 is a good demonstration of
the effect of surface finish on the mean strength of glass manufactured and pre-
pared in different ways. Thus, acid etch treatment removes most of the severe
flaws and yields high strength values provided the etched surface is protected
immediately against further damage. Similarly, blown and drawn ware which
does not come into physical contact with hard objects is stronger than pressed
ware.

Table 5. Tensile Strength of Annealed Glass

Condition Failure Stress (10° psi)
Fine Fibers

Freshly drawn 500 to1000

Annealed 10 to 50
Rods, acid-etched and

Lacquered, 1/4 inch diameter 250
Blown Ware

Inner surfaces 15 to 40

Outer surfaces 4to0 10
Drawn window glass 81020
Polished plate glass 8to 16
Drawn tubing 6to15
Pressed ware 5t08
Ground or sandblasted surface 2t06

Glass exhibits high strength when loaded for a short period of time. During
strength measurement the load is applied at a constant rate with a typical dura-
tion of about 20 to 40 seconds. If the same specimen is tested at a faster rate, as
in dynamic or impact loading, one obtains significantly higher strength values
(50 to 80% higher). Similarly, at slower test rates, there is a definite and appre-
ciable decrease in measured strength. These stress rate effects are found in fibers
as well as bulk glass and are due to the chemical attack of water vapor in test
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environment on the stressed flaw tip, a phenomenon known as stress corrosion
or fatigue **. At high loading rates the time available for fatigue is minimal,
hence the strength is higher. The converse is true of low loading rates.

d) The humid environment can also have a beneficial effect on glass strength. This
phenomenon, known as aging, occurs when the sharp flaw tip is rounded off by
the chemical activity of water vapor in the absence of stress, thereby decreasing
the stress concentration factor ». The extent of crack blunting and resultant
strength increase depend on glass composition. In general, the higher the alkali
content is, the larger the aging effect will be. Strength increases of 25-30% have
been reported for aged soda-lime glass. High silica glasses like ULE do not
exhibit much of an aging effect.

The above phenomena of fatigue and aging disappear when the moisture in the
test environment is either absent or deactivated. Thus, the strength values
obtained in vacuum or in other inert environments like liquid nitrogen are con-
siderably higher.

The effect of electrolyte pH on glass strength has been studied by

Wiederhom **, The strength remains relatively constant for a wide range of pH
values (1 to 13). Only at extreme ends of pH spectrum are strength values affect-
ed. A 10% increase is observed in the strength of soda-lime glass when tested in
high pH medium. At low pH level, however, the strength is about 10% lower.
The pH effect is contrary to what one might expect from stress corrosion mecha-
nism. The current theory is that sodium for hydrogen ion-exchange takes place
at the crack tip and results in strength modifications.

e) The temperature of test environment has a significant effect on measured
strength. At temperatures below —50°C, water is chemically inactive and the
strength is independent of temperature, loading rate and test media. Between -
50°C and 250°C, the water vapor activity increases and strength decreases con-
tinually reaching a minima at 250°C. This minimum value is about 30% of inert
strength value. Above 250°C, however, the strength of glasses increases, partly
due to crack healing through viscous flow,exceeding the room temperature val-
ues. At still higher temperatures approaching the softening point of glass the
strength begins to decrease rapidly due to viscous flow.

DESIGN STRENGTH

The design strength of annealed bulk glass is customarily taken as 1000 psi. This
is the maximum value of static tensile stress which the designer of glass components may
allow in service. It is based on many years of design experience, laboratory tests, cus-
tomer feedback and the glass manufacturer's goal of ensuring long-term reliability. It is
derived as follows:

The sandblast abrasion yields a strength value of about 6000 psi for
most glasses "**. However, real-life abrasion (due to excessive han-
dling) based on strength tests on glass components which have been in
service for several years tends to be twice as severe—thereby reducing
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the strength to 3000 psi. Such a strength value is the amount of stress
which the glass can support for short time (1 to 2 secs.). To ensure
long-term reliability over a service life of 40 years or more, the short-
term abraded strength must be discounted further by a factor of 3*. This
reduces the strength from 3000 to 1000 psi, commonly known as the
threshold value. Since crack growth at this stress level is negligibly
small, glass designs based on 1000 psi service stress fall in the category
of subthreshold design.

Most of the bulk glass products, as noted above, are designed and manufactured
to limit the static service stress to below the threshold level. Such a subthreshold design
ensures safe operation of the article throughout its lifetime and minimizes product liabili-
ty cost for the glass manufacturer. In the case of telescope mirror blanks, their 8" meter
diameter translates into an order of magnitude larger surface area than most bulk products
with higher probability of encountering critical flaws. Furthermore, their orders of magni-
tude greater weight poses the risk of inflicting surface damage each time they are handled
during manufacturing and transportation. Finally, the acceptable failure probability for
such unique, high cost, structures must be kept several orders of magnitude lower than
that of most bulk glass products. These considerations reduce the design strength of ULE
mirror blanks to 750 psi assuming two orders of magnitude lower failure probability than
that of other bulk products.

STRESS CORROSION AND MECHANICAL RELIABILITY

The glass-ceramics, as well as ULE, contain silica as a continuous phase whose
content is adjusted to achieve the ultra low thermal expansion coefficient. The Si-O-Si
bond is the strongest oxide bond and renders these materials super strong, at least theoret-
ically. However, when subjected to tensile stress in humid environment, it becomes high-
ly reactive and transforms to Si-OH bond through a series of chemical reactions involv-
ing exchange of protons and electrons *; see Figure 14. The weak Si-OH bond cannot
support much stress and severs easily resulting in flaw growth and gradual loss of
strength. This phenomenon, known as stress corrosion cracking or static fatigue, has
received much attention over the last three decades and is often used to estimate the safe
allowable stress for glass structures like large telescope mirrors 2, Since chemical reac-
tions are activated processes, static fatigue in silicate glasses is also an activated process
in which the activation energy is stress-dependent and the reaction rate is governed by
both the stress field and environmental conditions at the flaw tip “.
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Figure 14. Stages of Stress Corrosion in Silicate Glass and Glass-ceramics

* See next section on stress corrosion and mechanical reliability.
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Stress corrosion in silicate glasses is commonly described by Power law * which
relates the rate of crack growth, da/dr, to stress intensity, K, at the crack tip:

4 - Ak}
dt
&)
In eqn. 2, A and n are constants, a is crack or flaw depth, 7 is time and
K| =Yoava
3

in which Y is the flaw shape parameter and 0, is the applied stress. The constant n is also
called stress corrosion susceptibility constant, or simply fatigue constant, and is most
conveniently determined by measuring the strength of glass, oy, as function of stress rate,
G, in humid environment. Integration of eqn. (2) provides the following relationship:

sz dér)”‘"‘ 1)
)

in which C is a constant. Thus, the strength of silicate glasses depends nonlinearly on the
rate of stressing. Since the exponent 1/(n+1) is small for large values of n and large for
small values of n, glasses with small values of n exhibit greater fatigue than those with
large values of n. For example, if n — oo , the glass becomes insensitive to fatigue and its
strength remains constant regardless of stressing rate.

Application of eqn. 4 to strength data at two different stress rates provides the n
value
o= [0, ~Ing, )_1
Inc, —Inc,
)

Dynamic fatigue tests for ULE glass were carried out on 15cm diameter x 6mm thick
discs with 240 grit surface finish using the concentric ring fixture and 100% relative
humidity (both the 240 grit grinding media and 100% RH were selected to provide a con-
servative value of n). Approximately 8 discs were tested at each of the four stress rates,
namely 220, 22, 2 and 0.1 psi/sec. The strength vs. stress rate data are plotted on log-log
scale in Figure 15. The slope of the best fit line through these data provides a measure of
stress corrosion constant n per eqn. 5. A mean value of n = 41.3 is obtained from this plot
with a 95% confidence interval of 24.1 to 135.1. The low end of this interval will be used
for a conservative estimate of safe allowable stress during manufacturing, handling, ship-
ping and installation of the mirror as well as in service.
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Figure 15. Dynamic Fatigue Data for ULE Discs with 240 Grit
Surface in 100% RH

To assess the mechanical reliability of the mirror during the various manufactur-
ing steps, we examine the impact of stress corrosion on design stress for each of the three
mirror materials, ULE, Zerodur, and Astrositall. The design stress, G, is dictated by
both the stressed area of mirror, A, relative to that of disc specimens, A, and the stress
duration of critical manufacturing step, T,:

04= Gf( _Ei_)wm [ggr@f?(’ﬁ:ﬂ] I/
(6

In eqn. 6, o; denotes the specimen strength corresponding to an acceptable level of failure
probability and & denotes the stress rate for measuring o;. The most critical manufactur-
ing step in terms of stress/time history for 8m ULE blanks is the sagging step with a
duration of nearly two weeks, i.e. T, = 1.2 x 10° sec.”?; see Figs. 16 and 17.

Figure 16. Schematic of ULE Mirror Blank Resting on Refractory Sagform
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Figure 17. Bending Stress Profile on Sagform
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Substituting mean MOR and stress rate values from Table 6 and using the minimum
value of n from Table 7 for a conservative estimate of design stress into eqn. 6, we obtain

Od = 0.57 or(Ad/ Ap)m |
)
for ULE and Zerodur mirrors and
"
Od =0.53 ot (Ad/Am)
®)

for Astrositall mirror. The effect of stressed area for identical mirror sizes should be com-
parable for all three materials assuming similar m values as reflected by Table 6.

Table 6. MOR Data for Mirror Candidates with
220-240 Grit Surface Finish

a
Mirror N MOR Rate S.D. m meas. eqn.3
Material (psi) (psi/sec) (psi) (10° in)
ULE 8 7740 220 1125 6.1 4.7 4.7
Zerodur 9 8610 180 1420 6.7 6.0 5.6
Astrositall - 8 8460 180 1780 5.0 5.8 5.1
Table 7. Fracture and Fatigue Properties of Mirror Materials
Fracture “Stress
Material Toughness K, Corrosion Constant n
(MPay m)* N Mean 95%C.L
ULE 0.70 31 413 24.1-135.1
Zerodur 0.85 : 35 504 23400
Astrositall 0.80 37 34.8 20.8-98

*1 MPa2v'm = 910 psiv'in

For example, in the case of 8-m class ULE telescope mirror, Ay = 60 in?, A, = 6500 in?,
m = 13 and eqns. 7 and 8 yield a design stress of 0.4 o for ULE and Zerodur and 0.37 O¢
for Astrositall mirrors. Thus, it is clear that the design stress for ULE and Zerodur mirrors
is an identical fraction of their failure strength and that for Astrositall mirror is slightly
lower due to its lower stress corrosion constant,

For equivalent bending rigidity, the ULE mirror would be 11 to 13% thicker and
would experience 22 to 25% lower stress than both Zerodur and Astrositall mirrors's, The
lower stress offers the ULE mirror a significant advantage with respect to its long-term
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reliability. According to Power law fatigue model, the predicted lifetime for ULE vs.
Zerodur or Astrositall mirrors is given by

0Ze:rc:x:lur n

TWLE = Tzerodur| —GrE ©)
c

5

where o denotes the in-service stress which is at least 20% lower for ULE mirror. With n
ranging from 20.8 for Astrositall to 24.1 for ULE, eqn. 9 predicts 100 to 200 times longer
lifetime for ULE mirror than for Zerodur and Astrositall mirrors respectively. This is

indeed a major advantage — one which adds confidence to mirror's lifetime mechanical
reliability.

SAFE ALLOWABLE STRESS AND ITS VERIFICATION

To estimate the safe allowable stress, it is first necessary to know the stressed
area A, and stress duration 7, of the mirror blank during its various manufacturing steps.
Only two of these steps are considered critical for the ULE 8m blank due to either the
high stress or long stress duration or both. These are summarized in Table 8. The safe
allowable stress for the mirror blank is synonymous to design stress, namely

Table 8. Stressed Area, Maximum Stress and Stress Duration During Critical
Manufacturing and Shipping Steps for ULE Mirror Blanks with Two Different
Surfaces Finishes

Max. Max.
Manufacturing Stressed Stress Operating Surface
Step AreaA, Durationt, Stress Finish
(in?) (sec.) (psi)
Sagging of
blank on 6470 1.2x10¢ 750 270/325 grit
sag form + etching
Transportation
of sagged blank 960 79x10° 435 120 grit
C4= cf(ﬂ 1/m [M"ﬂ] v
Am H
(10)

Tables 9 and 10 provide the total disc area subjected to stress Oy, corresponding to a fail-
ure probability of 1 x 10%, for an equivalent static duration of [(64/G) / (n + 1)], together
with the pertinent Weibull slopes and fatigue constants representing the surface finish rel-
evant to the two critical manufacturing steps. The 270/325 grit finish followed by acid
etching was deemed appropriate for the sagging step due to high stress and relatively
long stress duration. Similarly, the 120 grit finish was selected for those areas of mirror
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blank subjected to lower stress over an extended period of time during its transportation

to the polisher.
Table 9. Strength of ULE Discs Corresponding to Failure Probability of 1x10*
No. of “Total Area Ad
Surface Gy Discs Subjected to
Finish (Pr= 1x10%) Tested Max, Stress o
_{psi) (in?)

120 grit 3430 20 54
120 grit +

etching 3050 19 51
270/325 grit 4720 25 67
270/325 grit

+ etching 3175 22 59

Table 10. Stressed Area, Stress Duration, Weibull Slope and Fatigue Constant
for ULE Discs with Two Different Surface Finishes

Equivalent
Max. Static Duration
Disc for Strength Weibull Fatigue
Manufacturing  AreaA; Measurement Slope  Constant Surface
Step (psi) m n Finish
(sec.)

Sagging of
blank on 59 1.65 13.2 24.1 270/325 grit
sag form + etching
Transportation
of sagged 54 1.20 24 24.1 120 grit
blank

Using the data in Tables 8, 9 and 10, both the area reduction factor and fatigue factor in

eqn. 6 can be computed. The safe allowable stress o
and o, values from Table 9.

is then estimated by using eqn.10

Table 11. Estimate of Safe Allowable Stress for ULE Mirror Blank during its
Critical Manufacturing and Shipping Steps for Failure Probability of 1x10+

Disc Area " Safe Max.
Manufacturing Strength at Reduction Fatigue Allowable Operating
Step P¢=1x10* Factor  Factor Stress o, Stress
(psi) (psi) (psi)
Sagging of
blank on 3175 0.70 0.65 1450 750
sag form
Transportation
of sagged blank 3430 0.89 0.60 1820 435
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The results of these computations are summarized in Table 11 which also shows the max-
imum operating stress on mirror blank during sagging and shipping. Let us note that the
allowable stress is nearly 2 to 4 times larger than the operating stress providing an addi-
tional safety margin for high reliability during manufacturing. These safety margins are
direct consequence of high m and n values, i.e. low variability in strength distribution due
to consistent finishing process and high fatigue resistance of ULE glass.

To verify the ultimate reliability of a mirror blank eight discs with 270/325 grit
surface finish plus acid etching were subjected to a static biaxial stress of 800 psi in
100% RH for 14 days. Their strengths were re-measured after 14 days and found to be
identical to the initial distribution as shown in Figure 18. This confirmed that the sag
form stress of 750 psi was below the threshold value for acid-etched 270/325 grit surface
finish and would not lead to slow crack growth. Needless to say, all of the 8-m class mir-
ror blanks manufactured at Corning to date have survived the sagging stresses with no
evidence of flaw growth. Similarly, to evaluate the reliability of a generated mirror blank,
ten ULE discs with 120 grit surface finish were subjected to a static biaxial stress of 435
psi in 100% RH for 90 days. Their strength was re-measured after 90 days and found to
be identical to the initial distribution as shown in Figure 19. '
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Figure 18. Effect of Static Stress on Strength Distribution of ULE Discs with
270/325 Grit Surface: o, = 800 psi, T = 14 days, T = 25°C, RH = 100%
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Figure 19. Effect of Static Stress on Strength Distribution of ULE Discs with
120 Grit Surface: o, = 435 psi, T = 90 days, T = 25°C, RH = 100%
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Thus, no slow crack growth is expected on the 120 grit surface due to a long-term static
stress of 435 psi. It is worth pointing out that the additional safety factor of two to four in
the above computations not only promotes mechanical reliability of mirror blanks, it does
S0 at an ultra low failure probability < 1 x 104 as may be verified from Weibull distribu-
tion function given by eqn. (11)2.

P¢= 1-exp [-(0/0,)"] an

Thus, the mechanical reliability of very large monolithic mirror blanks during
their fabrication requires thorough understanding of stress/time history at each of the
manufacturing steps. Such knowledge helps select an appropriate surface finish with
strength and fatigue characteristics capable of sustaining manufacturing stresses without
measurable crack growth in corrosive environment. The latter is ascertained by compar-
ing strength distributions before and after subjecting a large sample of glass discs to static
stress in corrosive environment over a finite period of time, representative of the process,
and making sure that the two distributions are indistinguishable. Thus, a 270/325 grit sur-
face finish is deemed appropriate for the sagging step which induces a static stress of 650
psi over the two-week period, and a 120 grit surface finish is appropriate for transporting
the mirror blank which induces a static stress of 435 psi over the three-month period.

The use of biaxial strength and fatigue data, obtained by testing a large sample
of 15 cm discs, together with Weibull distribution helps estimate a safe allowable stress
for the mirror blank during its manufacture and transportation taking full account of
stress/time history, test environment and ultra low failure probability.

The analysis of deflection and stresses shows that optimum mirror design, using
low expansion materials like ULE, Zerodur and Astrositall, can be achieved by maximiz-
ing the specific bending rigidity while minimizing both manufacturing and operating
stresses for ensuring long-term mechanical reliability*, Indeed, such an analysis helps
compute the mirror thickness for equivalent bending rigidity of the three materials. In
view of its 27% lower Young's modulus, the ULE mirror must be 11 to 13% thicker than
Zerodur and Astrositall mirrors of identical diameter. The higher thickness, however, does
not pose a weight penalty in view of 13% lower density of ULE glass relative to that of
Zerodur and Astrositall. On the contrary, it helps reduce bending stress in the ULE mirror
by up to 25% thereby promoting its long-term mechanical durability by 100 to 200 times
compared with Zerodur and Astrositall mirrors'. . '

6. ADVANCES IN ULE™ GLASS

Anyone who has not utilized ULE in several years will note marked improve-
ment in the quality of the material itself. Corning has also improved CTE measurement
precision giving engineers more accurate expansion data with which to design mirror
blanks. There are fewer and smaller inclusions in the glass when compared to that which
was produced years ago. CTE homogeneity within the boule and between boules is prac-
tically negligible as shown by the success of the Comning 8 meter mirror blanks.

Process improvements continue in the material and mirror manufacturing
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processes. The world’s most powerful abrasive water jet machine enables optical design-
ers more freedom to design mechanically stiff and more lightweight mirrors for advanced
applications. Corning has effected changes in technology in the more traditional strut-
fusion core manufacturing processes yielding lightweight cores with higher strength.
Ongoing improvements include new developments of glass fusion processes.

Coming is currently working on new glass forming processes utilizing different
raw materials and technological advances that will foster the tradition of continuous
improvement.

7. SUMMARY

ULE, titania-silica binary glass, offers an optimum combination of mechanical,
thermal and optical properties which make it an ideal material for precision optical struc-
tures and lightweight telescope mirrors. Its near-zero expansion, controlled by titiania
content over the operating temperature range helps preserve the figure; the absence of
hysteresis in its thermal expansion curve ensures dimensional stability of the mirror in
extreme environments; its low density affords high specific stiffness thereby reducing the
elastic deformation of lightweight structures; its high fatigue resistance permits higher
long-term stress, hence lightweight mirror structure, without compromising long-term
mechanical integrity; and its excellent optical and birefringence properties facilitate
inspection and quality assurance in terms of index homogeneity, defect level and residual
strain,

Following a review of critical material requirements and key physical properties,
the paper discusses the fabrication techniques for both solid and lightweight mirror
blanks. It shows that a wide variety of fabrication methods is available for achieving the
required weight reduction for precision lightweight mirrors. They range from the simplest
forms to advanced ultra lightweight technologies, providing the optical designer with an
array of mirror blank manufacturing approaches to optimize thermal, mechanical, and
optical performance. The mechanical reliability of very large monolithic mirror blanks
during their fabrication requires thorough understanding of stress/time history at each of
the manufacturing steps. Such knowledge helps select an appropriate surface finish with
strength and fatigue characteristics capable of sustaining manufacturing stresses without
measurable crack growth in corrosive environment. The latter is ascertained by compar-
ing strength distributions before and after subjecting a large sample of glass discs to static
stress in corrosive environment over a finite period of time, representative of manufactur-
ing process, and making sure that the two distributions are indistinguishable.

The analysis of deflection and stresses shows that optimum mirror design, using
low expansion materials like ULE, Zerodur, and Astrositall, can be achieved by maximiz-
ing the specific bending rigidity while minimizing both manufacturing and operating
stresses. Indeed, such an analysis helps compute the mirror thickness for equivalent bend-
ing rigidity of the three materials. In view of its 27% lower Young's modulus, the ULE
mirror must be 11 to 13% thicker than Zerodur and Astrositall mirrors of identical diame-
ter. The higher thickness, however, does not pose a weight penalty in view of 13% lower
density of ULE glass than that of Zerodur and Astrositall. On the contrary, it helps reduce
bending stresses in the ULE mirror by up to 25% thereby promoting its long-term
mechanical durability by 100 to 200 times compared with Zerodur and Astrositall mir-
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rors.

The paper concludes with a brief review of advances in fabrication of ULE mir-
rors. These include different raw materials and alternate forming processes which allow
higher production volumes without compromising glass quality and physical properties.
Finally, improvements in CTE measurement precision should give engineers more accu-
rate expansion data with which to design mirror blanks. There are also fewer and smaller
inclusions in the boules compared with those made years ago, and the homogeneity of
CTE within a boule and between boules is excellent, as shown by the success of Corning
8-meter ULE mirror blanks.
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